Abstract: Invasive alien species Elodea nuttallii was introduced into the Drava River (Slovenia) in 2007. The spatial distribution of native macrophyte species Myriophyllum spicatum and the invasive alien species E. nuttallii was studied in two impoundments, HPP Vuhred and HPP Mariborski otok in the years 2009, 2010 and 2011. The very heterogeneous environment of the Drava River had resulted in dynamic and non-uniform distributions of E. nuttalli and M. spicatum in both impoundments. The distribution of E. nuttalli was shown to be suppressed in river stretches exposed to great turbulence. It had, however, successfully invaded areas with gentle slope of littoral, low exposition to main water flow and muddy sediment and prevailed against the native species M. spicatum. The latter was more abundant than E. nuttallii in stretches exposed to higher flow velocity. Thus, the competitive success of M. spicatum and E. nuttallii depended on environmental conditions. Our results lead to the prediction that E. nuttallii will increase further in the river Drava, causing serious economic problems.
Introduction
Humans are responsible for the dispersion of many exotic species as well as for creating novel new abiotic and biotic conditions that influence their distribution and abundance (Catford et al. 2009; Shea & Chesson 2002) . Impoundments change the character of a river, which causes it to begin to download and depose silt, thereby creating a favourable environment for the development of macrophytes. Such impoundments can also favour invasion by alien plant species.
E. nuttallii (Planch.) H. St. John is an alien plant species originating from North America. It was first observed in Northern Europe in 1939 in Belgium (Wolff 1980) . Soon after, it expanded its European range and is now established in many parts of Europe. Its first occurrence in Slovenia was observed by Király et al. (2007) , who found it in the Drava River and the Ledava River in the north-eastern part of Slovenia.
The invasion of aquatic environments by highly competitive alien species is a global phenomenon with ecological and economic consequences (Nagasaka 2002; Magee et al. 2008; Kuhar et al. 2010) . It is generally agreed that new species can only become established in existing communities when they compete successfully with local flora, or when they grow so rapidly that they occupy the new space left by a disturbance (Mazej & Epšek 2005; Mazej & Germ 2008) . Because of their high competitive ability, range-expanding species are generally considered a threat to local biodiversity (Simpson 1990; Greulich & Trémoliéres 2006) . E. nuttallii often forms dense, monospecific stands and displaces other aquatic plants from many localities (Barrat-Segretain 2001 , 2004 Thiébaut et al. 1997; Nagasaka 2002) . The considerable biomass produced by E. nuttallii modifies water flow, often increases the risk of flooding of adjacent land, competes with human activities (navigation, fishing, tourism) and is costly for management.
Important determinants of plant invasiveness are rapid growth, high offspring production and longdistance dispersal of propagules (e.g. Rejmanek & Richardson 1996; Goodwin et al. 1999) . Successful invaders have also been suggested to have fewer enemies (predators, parasites or diseases) than natives, which can be a major reason for differential success (Keane & Crawley 2002) . The outcome of introduction into a community depends not only on the characteristics of the invasive species, but also on those of the target community (Crawley 1987; Tilman 1997 ) and on the spatial pattern and development stage of the native species (Barrat-Segretain 2005) .
Both E. nuttallii and Myriophyllum spicatum L.
The effect of introduction of Elodea nuttallii on spatial pattern of Myriophyllum spicatum exhibit wide geographical and habitat distributions, suggesting that these two macrophyte species are highly competitive ). Regardless of this characteristic attribute and of their now overlapping geographical distributions (cf. Simpson 1984; Nichols & Shaw 1986; Ozimek et al. 1993; Thiébaut et al. 1997; Thiébaut & Muller 1999; Barrat-Segretain 2001) , E. nuttallii and M. spicatum rarely co-occur in the same community (Clarke & Wharton 2001) . Most reports of the effects of E. nuttallii on macrophytes have been based on experiments under laboratory conditions (Simpson 1990; James et al. 1999; Barrat-Segretain 2005; ). There is little information about the competitive behaviour of E. nuttallii in the field (Barrat-Segretain 2001; Greulich et al. 2006) . Greulich et al. (2006) , for example, do not conclude that E. nuttallii has a strong negative impact on the richness of plant species in the sites in where it grows. But this survey was done some decades after arriving of E. nuttallii into Alsatian Rhine floodplain in France and therefore the expansion of E. nuttallii at that area had been completed prior to the study period. A major impact may have occurred during or shortly after the expansion phase. We performed a comparative, three year survey of the early phase of introduction of the invasive alien species E. nuttallii. We hypothesised that E. nuttallii will prevail over M. spicatum in surveyed impoundments.
Material and methods

Study site
The Drava is the most important river in Slovenia in terms of its energy value. Its source is located near the AustrianItalian border in Italy. The Drava is a typical fluvio-glacial river, which means that its highest flow occurs in July during the melting of glaciers, when most other rivers are already showing signs of summer drought. Its other high point is in November, when it is filled by autumn rainfall from the broad Alpine hinterland. A chain of hydropower plants has been built on the Drava River, exerting a very great influence on the river ecosystem. The operation of hydropower plants influences water level fluctuation and water flow while the latter leads to increased deposition of silt.
Since 2007 Sampling stretches were selected on both sides of the bank in each impoundment -35 in the impoundment HPP Vuhred and 32 in that of HPP Mariborski otok. Shading of the stretches (completely sunny, half shaded, completely shaded), exposition to main water flow (low, middle, high) and slope of littoral (gentle, middle steep, very steep) were also evaluated at all stretches. Submersed aquatic plant species were identified on each stretch and the abundances of macrophyte species was defined. The species abundance in each section was evaluated according to Kohler & Janauer (1995) on a five level descriptor scale (1 -very rare, 2 -rare, 3 -common, 4 -frequent, 5 -abundant, predominant).
Data analysis
On the basis of plant abundance a relative plant mass (RPM), which is related to plant abundance by a function x 3 , and 'd' value, were calculated (Pall & Janauer 1995; Schneider & Melzer 2003) . RPM was used to calculate the quantitative contribution (expressed as a percentage) of individual species in surveyed transects. The 'd' value represents the proportion of the surveyed watercourse colonized by macrophyte species: a value of 1 indicates that a species occurred in all surveyed transects. The Internet based description of the methodology is accessible on the internet side www.midcc.at.
Results
Impoundment HPP Vuhred
Morphology of impoundment HPP Vuhred was heterogeneous with alternation of narrow and wide stretches. There were also bays and side arms in this impoundment. M. spicatum and E. nuttallii were the dominant species in the impoundment. Besides them, four other species were observed in all three years: Myriophyllum verticillatum, Ceratophyllum demersum, Potamogeton perfoliatus and Potamogeton pectinatus, but only at one location (side arm).
Environmental conditions, radiation, slope of littoral and exposition to water flow, were relatively favourable for growth of M. spicatum on the left side of impoundment. M. spicatum was found on the majority of stretches in all three years (Figs 2a, 3a) , from 16 stretches in 2009 to 14 in 2011. The species reached an RPM of over 90% in 2009 and 2010, which decreased to 48% in 2011, what was the result of rapid development of E. nuttallii at few stretches in 2011 (Fig. 4) (RPM of E. nuttallii in 2011 was 52%). E. nuttallii was observed on only two, one and three stretches in years 2009, 2010 and 2011, i.e. on less than 2% of the examined watercourse (Fig. 2a) . Those three stretches were bays or side arms. E. nuttallii was not observed on the right side of impoundment, where littoral was exposed to relatively high water flow. Here, the occurrence of M. spicatum increased from 10 stretches in 2009 to 14 stretches in 2011 and reached a 'd' value of almost 1 (Figs 2b, 3b ). An RPM value of 100% was observed at the right side of impoundment in all three years for M. spicatum, as it was the only macrophyte species colonizing this side of the river. The results showed that E. nuttallii has not yet prevailed under M. spicatum in the impoundment HPP Vuhred.
The number of stretches in which the two species throve together increased from 2 in 2009 to 3 in 2011. In 2010 the species appeared together in only 1 stretch. E. nuttallii spread in 2011 into 2 new locations where it prevailed over M. spicatum (Figs 2a, b) . Impoundment HPP Mariborski otok Impoundment HPP Mariborski otok was narrow in its upper part without any bays or side arms. Water flow was therefore high, banks were overgrowth with trees and bottom of the littoral was very steep. On the other hand depth was smaller because of deposition of silt and there were also few bays in lower part of the impoundment. M. spicatum and E. nuttallii were the dom- inant species in the impoundment. Potamogeton pectinatus was the only other species found sparsely at few stretches.
M. spicatum and E. nuttallii were more frequent and abundant in the first 8 of 18 stretches in the left side of impoundment. Slope of littoral was gentle and plants were less exposed to water flow at those stretches (Figs 4a, b) . The number of stretches where M. spicatum was found increased from 2009 to 2011 (Figs 4a, 5a), however, its RPM value was lowest in 2011 (18%). In contrast, the number of stretches colonized by E. nuttallii decreased from 2009 to 2011 (Figs 4a, 5a ), but its RPM value fluctuated -81% in 2009, 70% in 2010 and 82% in 2011. In the right side of impoundment E. nuttallii was abundant at only two stretches, where slope of littoral was gentle, while M. spicatum rarely appeared at 7 stretches out of 14. Right side of impoundment was relatively shade, with steep bottom of the littoral and high exposition of macrophytes to water flow. M. spicatum was present on the same number of stretches with the same abundance in all three years (Figs 4b, 5b) . Its RPM value decreased from 10% in 2009 and 2010 to 5% in 2011. The number of stretches, abundance and RPM value increased in the case of E. nuttallii from 2009 to 2011 (Figs 4b, 5b) . Its RPM value increased from 90% in 2009 and 2010 to 95% in 2011, what showed prevalence of E. nuttallii under M. spicatum. Despite the fact that M. spicatum appeared in a higher number of transects than E. nuttallii, its quantitative contribution compared with E. nuttallii was much smaller.
The number of stretches on the left bank in which both species throve together was 5 in 2009 and 2010, and 6 in 2011. On the right bank the two species appeared together only in one stretch (Figs 4a, b) .
Discussion
The river Drava exhibits very heterogeneous environments with respect to current speed, depth and bottom sediment texture. This has resulted in dynamic and non-uniform distributions of E. nuttallii and M. spicatum in both impoundments, as has been found in other surveys of macrophytes (Bornette et al. 1994; Baatrup-Pedersen & Riis 1999) . On the other hand, however, conditions in the two impoundments did not enable development of other submersed macrophyte species, since they were present in only very limited extent. The physical stream environment exerts a major impact on the development and growth of submerged macrophytes (Sculthorpe 1967) .
The HPP Vuhred impoundment was very heterogeneous in its middle and lower parts. There are some bays and side arms, as well as shallow areas, exposed to main water flow, especially on the left side of impoundment. Bays and side arms offered favourable conditions for growth of E. nuttallii, whose abundance increased from 2009 to 2011 relative to that of M. spicatum. Our results are in line with those of Hamabata (1997) who found that E. nuttallii tends to prefer muddy substratum and less windy conditions, and grows densely on muddy lake bottoms. This can be linked with the observation of that, particularly on nutrient-rich sediments, the growth rate of E. nuttallii plants is significantly higher than that of M. spicatum. For M. spicatum is found that it is a species with a wider range of substrate type (Willby et al. 2000; Clarke & Wharton 2001; Hrivnák et al. 2009 ). HoweverM. spicatum grows best on fine-textured, inorganic sediments but relatively poorly on highly organic sediments (Barko 1983; Smith & Barko 1990; Hrivnák et al. 2010 ). E. nuttallii was absent at location exposed directly to water flow and shallow areas (depth less than 1 m) where only M. spicatum was found. The growth of E. nuttallii was evidently suppressed by exposure to greater turbulence, as reported by Ellawala et al. (2011) . Absence of locations, not to direct exposed to the main water flow on the right side of impoundment HPP Vuhred, together with the great steepness of the littoral, did not offer good conditions for growth of E. nuttallii. M. spicatum was the only macrophyte species, which grew there. Water currents are among the strongest environmental variables determining the occurrence and/or abundance of aquatic plants (Janauer et al. 2010) . The occurrence and preference of M. spicatum to the faster flowing waters and hard substrates has been already observed (Butcher 1933; Bernez et al. 2004; Hrivnák et al. 2006) .
In contrast, the impoundment HPP Mariborski otok was less heterogeneous and only its lower part offered favourable conditions for growth of macrophytes. The lower part of the impoundment was wide and shallow and mud was deposited to a high degree, especially on the left bank, and, for that reason, the species studied appeared there in high abundance. Gentle slope of littoral, low exposition of plants to main water flow and muddy sediment offered good conditions for an intensive expansion of E. nuttallii in that part of the impoundment, where it prevailed over M. spicatum. However E. nuttallii was not found in the middle and upper part of impoundment. The river was narrow and deep, several metres high trees on the right bank reduced light intensity, water flow was high, and sediment was very compact. Only few metres from the bank, the depth of river reach about two metres. In consequence, the littoral were seldom overgrown by M. spicatum in the areas without trees on the bank. Negative correlation between abundance of M. spicatum and cover of woody species on the bank was found in the Slatina River (Slovakia) by Hrivnák et al. (2006) . It is well documented that the majority of macrophyte species show a strong relationship with stream bottom properties that influence rooting and, partly, nutrient acquisition (Bornette et al. 1994; Baatrup-Pedersen & Riis 1999) . BaattrupPedersen & Riis (1999) have further shown that macrophyte species are associated with different substrata, although the relationships may be partly coincidental, reflecting differences in velocity tolerance between species.
Some research has indicated that E. nuttallii and M. spicatum rarely co-occur in the same community (Clarke & Wharton 2001) , while other studies showed that E. nuttallii can coexist with a rather large number of species (Greulich et al. 2006) . Barrat-Segretain (2005) found that macrophyte species co-exist more often in rivers with greater disturbance, whereas E. nuttallii dominates other macrophytes in less disturbed waters. The results presented here show that the number of stretches, where both species grew together increased in both impoundments from 2009 to 2011. However, in stretches which were not exposed to the main water flow, E. nuttallii started to prevail over M. spicatum, while M. spicatum was more abundant than E. nuttallii in the stretches, exposed to main water flow. From these results it can be expected that, in the next few years, E. nuttallii will prevail in in less disturbed parts of the impoundments, while at areas exposed directly to main water flow M. spicatum will remain dominant.
Based on our findings we can conclude that in the selected impoundments in the last five years E. nuttallii has successfully invaded stretches, which were not directly exposed to main water flow and prevailed over the native species M. spicatum. The most favourable conditions for expansion of E. nuttallii were existed in the lower part of the impoundment HPP Mariborski otok, where E. nuttallii showed prevalence under M. spicatum, while in impoundment HPP Vuhred this phenomenon has not been observed yet. The main part of both impoundments was, however, still covered by M. spicatum but its abundance was in general rare to common. A possible reason for the latter was the unfavourable environmental conditions, especially high water flow that prevented M. spicatum to develop in much higher degree. However, according to our results it can be concluded that E. nuttallii will continue to expand in the river Drava and cause serious economic problems. E. nuttallii was also identified in the impoundments of HPP Dravograd and HPP Formin (Lake Ptuj) in 2011 (unpublished observation of authors). Since HPP Dravograd is the uppermost hydroelectric plant on the Drava River in Slovenia and HPP Formin the lowest, it was assumed that E. nuttallii had spread over the whole river, wherever environmental conditions were suitable.
